Dispersal of epithelial cells is an important aspect of tumorigenesis, and invasion. Factors such as hepatocyte growth factor induce the breakdown of cell junctions and promote cell spreading and the dispersal of colonies of epithelial cells, providing a model system to investigate the biochemical signals that regulate these events. Multiple signaling proteins are phosphorylated in epithelial cells during hepatocyte growth factor-induced cell dispersal, including c-Cbl, a protooncogene docking protein with ubiquitin ligase activity. We have examined the role of c-Cbl and a transforming variant (70z-Cbl) in epithelial cell dispersal. We show that the expression of 70z-Cbl in Madin-Darby canine kidney epithelial cells resulted in the breakdown of cell-cell contacts and alterations in cell morphology characteristic of epithelial-mesenchymal transition. Structurefunction studies revealed that the amino-terminal portion of c-Cbl, which corresponds to the Cbl phosphotyrosine-binding/Src homology domain 2 , is sufficient to promote the morphological changes in cell shape. Moreover, a point mutation at Gly-306 abrogates the ability of the Cbl Src homology domain 2 to induce these morphological changes. Our results identify a role for Cbl in the regulation of epithelial-mesenchymal transition, including loss of adherens junctions, cell spreading, and the initiation of cell dispersal.
INTRODUCTION
The dissociation and migration of epithelial cell sheets are required during normal embryonic development and during pathological situations such as the dispersal of tumor cells (Gherardi, 1991) . Epithelial cell dispersal is a complex process that requires the breakdown of cell-cell junctions in addition to the remodeling of the actin cytoskeleton and cell adhesion complexes. These changes contribute to a transition from an epithelial morphology toward a more mesenchymal fibroblastic phenotype, referred to as epithelial-mesenchymal transition (Boyer et al., 1996) . Hepatocyte growth factor (HGF) and its receptor, the Met tyrosine kinase, is one of the predominant modulators of epithelial-mesenchymal transition described to date; it provides a model to examine the molecular signals involved in the regulation of epithelial cell dispersal .
Little is known about the signaling pathways that regulate the dissociation and dispersal of epithelial cell sheets or colonies. To identify signal transduction pathways that are involved in the dispersal and invasion of epithelial cell sheets, we and others have performed structure-function analyses of the Met receptor tyrosine kinase with the use of an epithelial Madin-Darby canine kidney (MDCK) cell model (Komada and Kitamura, 1993; Weidner et al., 1993; Zhu et al., 1994a) . Downstream from the Met receptor, the most highly tyrosine-phosphorylated proteins correspond to the Cbl and Gab1 docking proteins Nguyen et al., 1997; Maroun et al., 1999) . Gab1 acts as a docking protein (Holgado-Madruga et al., 1996) that promotes a morphogenic program in response to Met activation in epithelial cells (Weidner et al., 1996; Maroun et al., 1999) , whereas the function of c-Cbl in epithelial cell signaling has not been addressed.
c-Cbl becomes tyrosine phosphorylated after stimulation of multiple receptor tyrosine kinases, cytokine receptors, and integrin receptors (reviewed by Miyake et al., 1997) . c-Cbl contains multiple protein interaction motifs, including tyrosine residues whose phosphorylation promotes the association of c-Cbl with numerous cytoplasmic signaling proteins, a phosphotyrosine-binding domain (PTB) that encompasses a recently identified Src homology domain 2 (SH2) (Meng et al., 1999) , and a proline-rich motif. These domains allow the interaction of c-Cbl with multiple signal transducers, including the p85 subunit of phosphatidylinositol 3Ј kinase, the Crk, Grb2, and Nck adaptor proteins, and Src family kinases, suggesting that c-Cbl acts as a docking protein to integrate signaling pathways (reviewed by . The precise biological function of c-Cbl is unclear, and both negative and positive roles for c-Cbl have been proposed.
Genetic and biochemical studies have implicated c-Cbl in the attenuation of tyrosine kinase-mediated signals. For example, Sli-1 in Caenorhabditis elegans, which shares 55% identity with the amino-terminal portion of mammalian c-Cbl, acts as a negative regulator downstream of the EGF receptor tyrosine kinase homologue Let23 Yoon et al., 1995) . Moreover, treatment of fibroblasts with Cbl antisense oligonucleotides results in enhanced EGF receptor signaling (Ueno et al., 1997) , whereas overexpression of c-Cbl decreases FC␥R signaling in mast cells (Ota and Samelson, 1997) . This is consistent with the demonstration that c-Cbl acts as a ubiquitin ligase (Joazeiro et al., 1999; Levkowitz et al., 1999) and leads to the increased rate of ubiquitination and degradation of several receptor tyrosine kinases, including the receptors for EGF, PDGF, and colonystimulating factor 1 (CSF-1) (Levkowitz et al., 1998; Miyake et al., 1998; Lee et al., 1999) . In contrast to their negative role downstream from tyrosine kinases, treatment with antisense Cbl oligonucleotides blocks cell spreading on fibronectin surfaces (Meng and Lowell, 1998) , and c-Cbl appears to play a positive role in integrin-mediated signaling downstream from Src family kinases (Tanaka et al., 1996; Manie et al., 1997; Ojaniemi et al., 1997; Zell et al., 1998) .
In addition to c-Cbl, two transforming variants of this protein have been identified: v-cbl, or Cbl-N, was isolated from a Cas NS-1-transforming retrovirus and contains only the first 357 residues of c-Cbl, which encompasses the recently identified SH2/PTB domain (Langdon et al., 1989; Lupher et al., 1996; Meng et al., 1999) ; 70z-Cbl is a naturally occurring mutant isolated from 70z/3 preB cell lymphomas that transforms fibroblasts in culture (Andoniou et al., 1994) . 70z-Cbl contains a 17-amino acid deletion in the RING domain (Andoniou et al., 1994) necessary for the ubiquitin ligase activity and exhibits an enhanced level of tyrosine phosphorylation in the absence of cell stimulation (Andoniou et al., 1994) , which allows its association with SH2 domain-containing signaling proteins (van Leeuwen et al., 1999) .
Because c-Cbl is implicated in Met-and integrindependent signaling, we have examined the role of Cbl in epithelial cell dispersal. We show that c-Cbl is phosphorylated after stimulation of the Met receptor with HGF and that this promotes the coupling of c-Cbl with signaling proteins, including the p85 subunit of phosphatidylinositol-3Ј-kinase (PI3Ј-K) and Crk. Expression of the 70z-Cbl variant in MDCK cells leads to alterations in cell morphology characteristic of epithelial-mesenchymal transition, and structure-function studies reveal that the c-Cbl SH2/PTB domain is sufficient to induce these changes in cell shape.
MATERIALS AND METHODS

Cell Culture and DNA Transfections
COS-1 and MDCK cells were maintained in DMEM containing 10% FBS (Life Technologies, Grand Island, NY). The generation of stable cell lines expressing the chimeric CSF-MET receptor has been described elsewhere (Zhu et al., 1994b) . Cell lines expressing the Met receptor tyrosine kinase or hemagglutinin (HA)-tagged c-Cbl or 70z-Cbl were generated by retroviral infection of MDCK cells with the use of amphotropic retrovirus, as described previously (Rodrigues and Park, 1993) . Cell lines were selected in 400 g/ml G418. For the generation of cell populations expressing wild-type and mutant HA-tagged 70z-Cbl, the 70z-Cbl cDNA was cloned into the pRK5 expression vector at the BamHI site and cotransfected with the pLXSH vector, which confers resistance to hygromycin, by the calcium phosphate method, as described elsewhere (Wigler et al., 1979) . Cell populations were selected in 300 g/ml hygromycin.
Reagents/Constructs and Antibodies
Antibodies raised in rabbit against a carboxyl-terminal peptide of human Met (143) were used (Rodrigues et al., 1991) . Anti-phosphotyrosine antibody (4G10) was obtained from Upstate Biotechnology (Lake Placid, NY). Anti-HA antibody (HA.11) was purchased from BabCo (Richmond, CA). Anti-E-cadherin antibody was obtained from the American Type Culture Collection (Rockville, MD) hybridoma bank. Anti-vinculin antibody was purchased from Sigma Chemical (Oakville, Ontario, Canada). Anti-Cbl (C-15) antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Phosphospecific JNK and MAPK antibodies were purchased from New England Biolabs (Mississauga, Ontario, Canada). Anti-Cas antibody was kindly provided by Dr. Michel Tremblay (McGill University), and the anti-EGF receptor (EGFR) antibody was kindly provided by Drs. John Bergeron and Barry Posner (McGill University). Anti-Crk antibody was purchased from Transduction Laboratories (Mississauga, Ontario, Canada). rhCSF-1 was kindly provided by the Genetics Institute (Cambridge, MA).
Cell Stimulation, Immunoprecipitation, and Western Blotting
MDCK cells were seeded at a density of 10 6 cells in a 100-mm tissue culture dish, serum starved the next day in 0.02% FBS for 48 h, stimulated with 100 ng/ml CSF, 250 ng/ml (100 U) HGF, or 1 ng/ml EGF for the indicated periods, and harvested. Cells were lysed in 1 ml of lysis buffer containing 0.5% Triton X-100, 50 mM HEPES, pH 8.0, 150 mM NaCl, 10% glycerol, 2 mM EGTA, 1.5 mM MgCl 2 , 10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM sodium vanadate, and 1 mM PMSF. Equal amounts of total protein were immunoprecipitated and immunoblotted as described previously (Fixman et al., 1995) . Immunoreactive bands were visualized by ECL (Amersham Pharmacia Biotech, Uppsala, Sweden).
Immunofluorescence
MDCK cells expressing c-Cbl or 70z-Cbl were plated on glass coverslips (Bellco Glass, Vineland, NJ) in a 24-well dish (Nunc, Burlington, Ontario, Canada) in DMEM containing 10% FBS. After 24 h, cells were incubated for 10 min at room temperature in cytoskeletal extraction (CSK) buffer containing 10 mM 1,4-piperazindiethansulfonic acid, pH 7.0, 300 mM sucrose, 50 mM NaCl, 3 mM MgCl 2 , and T.M. Fournier et al.
0.5% Triton X-100 to remove proteins that are not linked to the cytoskeleton. After two washes in PBS, cells were fixed in 3.7% formaldehyde in PBS for 15 min at room temperature and washed twice in PBS. Fixed cells were treated for 10 min at room temperature with PBS containing 5% FBS and 0.1% Triton X-100 (buffer A). Anti-E-cadherin antibody (1:300 dilution in buffer A) was then added to the cells for 15 min, and after three washes in the same buffer, Cy3-conjugated goat anti-mouse immunoglobulin G (1:2000 dilution in buffer A) was added for 15 min and the cells were washed three times in buffer A. For the double staining of both vinculin and actin, cells were first incubated for 10 min with antivinculin antibody (1:300 dilution in buffer A), followed by a mouse anti-Alexa 488 antibody (1:1000 dilution in buffer A) for 10 min, and finally with phalloidin-TRITC for 30 min (1:2000 dilution in buffer A), with three washes in buffer A between each incubation. The glass coverslips were mounted onto slides in Immunofluore medium (ICN, Costa Mesa, CA) and visualized with a Zeiss (Thornwood, NY) Axiovert 135 incident-light fluorescence microscope.
Cell Migration Assays
Migration assays were performed with the use of a motility chamber (8 mm, 6 m) from Neuroprobe (Gaithersburg, MD). A total of 10 5 cells, suspended in 25 l of DMEM/10% FBS, were placed on the polycarbonate membrane in the upper chamber, and 29 l of DMEM/10% FBS was placed in the lower chamber. The migration chambers were then incubated at 37 C for the indicated times and subsequently fixed in 10% formalin-buffered phosphate for 15 min at room temperature. Cells that had not migrated and remained on the upper side of the membrane were removed with a cotton applicator. Cells that had migrated through the membrane were stained with 0.1% crystal violet/20% methanol for 20 min at room temperature, and filters were washed three times before drying. The crystal violet-stained cells were solubilized in 500 l of 10% acetic acid, and the optical densities were measured at a wavelength of 590 nm. Scatter assays were performed as described by Royal and Park (1995) .
Time-lapse Video Microscopy
Cells were seeded at a low density for 24 h, and the cell medium was replaced with CO 2 -independent medium containing 10% FBS and 50 mM l-glutamine. The cells were subsequently placed on a heated microscope stage, and digital images of the same field were taken every 20 min for a 14-h period. The video images were processed with the use of an image-processing system (Northern Eclipse, Empix Imaging, Toronto, Ontario, Canada).
GST Association Assay
Bacteria expressing the amino-terminal SH2 domain of p85 fused to GST (GST-N-SH2 p85) were kindly provided by Dr. Tony Pawson (Samuel Lunenfield Research Institute, University of Toronto). Bacteria expressing the two Src homology domain 3 (SH3) domains of Grb2 fused to GST (GST-NϩC-SH3 Grb2) were kindly provided by Dr. Michel Tremblay. The bacteria expressing the amino-terminal portion of c-Cbl (amino acids 1-356; GST-Cbl-N) fused to GST (GST-Cbl-N) as well as the mutant G306E Cbl-N (GST-G306E Cbl-N) have been described elsewhere (Lupher et al., 1996) . Fusion proteins were produced by isopropyl-␤-d-thiogalactopyranoside induction, and purification was carried out on glutathione-Sepharose beads (Smith and Johnson, 1988) . Lysates were prepared from MDCK cell lines or populations, as described above, and incubated with ϳ0.5-1.0 g of the GST fusion proteins coupled to glutathioneSepharose beads for 1 h at 4°C. Complexes were washed in 0.5% Triton X-100 lysis buffer and resuspended in Laemmli sample buffer. Proteins complexed with the GST fusion proteins were subject to SDS-PAGE and Western blotting, as described above.
RESULTS
Overexpression of 70z-Cbl in MDCK Cells Induces Loss of Epithelial Cell Morphology
Previous studies have focused on the function of c-Cbl in hematopoietic cells and in fibroblast models; however, c-Cbl is also highly expressed in epithelial cells, including MDCK cells ( Figure 1A , lower panel). To investigate the role of c-Cbl in epithelial cells and downstream from the Met receptor, colonies of MDCK cells were stimulated with HGF, endogenous c-Cbl protein was immunoprecipitated, and the immunocomplexes were analyzed by anti-phosphotyrosine immunoblotting. Phosphorylation of c-Cbl reached a peak within 5 min, was maintained for 60 min, and returned to near baseline levels after 90 min of HGF stimulation ( Figure  1A 
70z-Cbl Induces Disruption of Adherens Junctions and Reorganization of Actin and Adhesion Complexes
Stimulation of colonies of MDCK cells with HGF promotes the breakdown of cell-cell contacts maintained by the major epithelial adhesion molecule, E-cadherin. In response to HGF, E-cadherin becomes redistributed from insoluble complexes localized at cell-cell junctions to soluble complexes that are no longer associated with the actin cytoskeleton (Royal and Park, 1995; Potempa and Ridley, 1998) (Figure  2A , a and c). Hence, we examined whether expression of c-Cbl or 70z-Cbl affected E-cadherin localization. In MDCK cell lines expressing c-Cbl, E-cadherin is localized to cell-cell junctions and is in an insoluble compartment after treatment of cells with CSK buffer (Figure 2A, e) . In contrast, MDCK cell lines expressing 70z-Cbl reveal a reduced level of E-cadherin in the insoluble fraction after CSK treatment, which corresponds to a decrease in cell-cell contacts ( Figure  2A, g ). However, the total level of cellular E-cadherin is unaltered in cells expressing 70z-Cbl ( Figure 2B ), suggesting a redistribution of E-cadherin from an insoluble to a soluble compartment in cells expressing 70z-Cbl.
Cell dispersal and changes in cell morphology are concomitant with the reorganization of both the actin cytoskeleton and cell-extracellular matrix contacts. Therefore, we examined the impact of expression of c-Cbl or 70z-Cbl on the F-actin cytoskeleton and focal adhesion complexes by indirect immunofluorescence with the use of phalloidin and anti-vinculin antibody, respectively. In parental MDCK or c-Cbl-overexpressing cells, visualization of F-actin with phalloidin-TRITC reveals that actin is concentrated at the edge of the colonies as well as at cell-cell borders in peripheral bundles associated with the lateral membranes of the cells (Figure 3, a and g ). In addition, vinculin-containing adhesion complexes are localized predominantly at the perimeter of the cell colony ( (Figure 3k ). Together, these data are consistent with the overexpression of 70z-Cbl promoting a switch in equilibrium in MDCK cells from maintaining cell-cell interactions to forming cell-extracellular matrix interactions, as characterized by the breakdown of adherens junctions, and the reorganization of actin and focal complexes.
c-Cbl and 70z-Cbl Associate with Similar Signaling Proteins
To delineate the domain(s) of 70z-Cbl that are responsible for the cell dissociation and altered cell morphology observed, a structure-function analysis was performed with the use of various mutants of 70z-Cbl, shown in Figure 4A . Association of c-Cbl with PI3Ј-K was suggested to be required for integrin-dependent spreading in macrophages (Meng and Lowell, 1998) ; thus, we examined a 70z-Cbl mutant (Y731F) that is predicted to uncouple the 70z-Cbl protein from the p85 subunit of PI3Ј-K . The ⌬Pro mutant deletes the entire proline-rich region, which is predicted to bind SH3 domain-containing proteins, such as Grb2. To determine the requirement for the c-Cbl SH2/PTB domain, we assessed the activity of Cbl proteins that contained only the SH2/PTB (Cbl-N) domain (Lupher et al., 1996; Hunter et al., 1999; Meng et al., 1999) or contained a point mutation (G306E 70z-Cbl, G306E Cbl-N) corresponding to a mutation within the SH2/PTB domain that inactivates the C. elegans homologue (SLI-1) (Yoon et al., 1995) .
Populations of MDCK cells expressing each mutant were established, and the synthesis and functional integrity of each variant protein were confirmed through immunoprecipitation and immunoblotting with an anti-HA antibody. All proteins were synthesized and expressed to similar levels in the MDCK cell populations ( Figure 4B, top panel) . Immunoprecipitation of c-Cbl and 70z-Cbl proteins from cell populations with anti-HA antibody and subsequent immunoblotting with anti-phosphotyrosine antibody revealed constitutive phosphorylation of c-Cbl, 70z-Cbl, G306E 70z-Cbl, ⌬Pro 70z-Cbl, and the Y731F 70z-Cbl proteins when overexpressed ( Figure 4B, bottom panel) . A decrease in phosphorylation was seen in the G306E 70z-Cbl and ⌬Pro 70z-Cbl mutant proteins and in c-Cbl compared with 70z-Cbl. Cbl-N and the G306E Cbl-N mutant proteins were not detectably phosphorylated.
In fibroblasts and hematopoietic cells, c-Cbl interacts with the Grb2 adaptor protein as well as with the SH2 domains of the p85 subunit of PI3Ј-K and the Crk adaptor protein (reviewed by Miyake et al., 1997) . To establish which of these proteins interact with c-Cbl in epithelial cells, the ability of c-Cbl, 70z-Cbl, and its mutant variants to associate with these signaling proteins was examined. A GST fusion protein containing the amino-and carboxyl-terminal SH3 domains of Grb2 (GST-NϩC-SH3 Grb2) associated with c-Cbl, 70z-Cbl, and the Y731F 70z-Cbl mutant but failed to associate with the ⌬Pro 70z-Cbl or Cbl-N proteins ( Figure 4C) . A GST fusion protein containing the amino-terminal SH2 domain of p85 (GST-N-SH2 p85) interacted predominantly with 70z-Cbl and to a lesser extent with c-Cbl and the G306E, ⌬Pro, and Y731F 70z-Cbl mutant proteins but not with Cbl-N ( Figure 4C) . Similarly, by coimmunoprecipitation, the Crk adaptor protein associated predominantly with 70z-Cbl and to a lesser extent with c-Cbl and the G306E, ⌬Pro, and Y731F 70z-Cbl mutant proteins but not with Cbl-N ( Figure  4D ). In addition to known associating proteins, we observed association of c-Cbl and 70z-Cbl but not Cbl-N or the G306E 70z-Cbl mutant with the multisubstrate-binding protein p130 Cas ( Figure 4D ).
The SH2/PTB Domain of c-Cbl (Cbl-N) Is Sufficient to Induce Epithelial-to-Mesenchymal Transition of MDCK Cells
To establish if specific c-Cbl-dependent signals were required for the changes in cell shape observed in Figure 1 , the morphology of MDCK cells expressing c-Cbl, 70z-Cbl, and its mutants was examined. As shown previously, MDCK cells expressing vector alone grew as colonies of tightly associated cells, whereas those expressing 70z-Cbl were dissociated and contained lamellipodia-like extensions ( Figure  5A ). Although the p85-binding site in c-Cbl is implicated in integrin-dependent cell spreading (Zell et al., 1998; Feshchenko et al., 1999) , overexpression of the Y731F 70z-Cbl mutant, which fails to bind PI3Ј-K (Figure 4C ), or the ⌬Pro 70z-Cbl mutant, which fails to bind Grb2 ( Figure 4C ), induced morphological changes in MDCK cells similar to 70z-Cbl ( Figure 5A ). Significantly, the overexpression of the SH2/PTB domain of c-Cbl (Cbl-N) induced dissociation and the acquisition of a mesenchymal phenotype in MDCK cells, similar to MDCK cells expressing 70z-Cbl. In contrast, a 70z-Cbl or Cbl-N mutant containing a single substitution that is thought to disrupt the ability of this domain to interact with phosphotyrosine residues (G306E 70z-Cbl or G306E Cbl-N) failed to induce dissociation and the acquisition of a mesenchymal phenotype when expressed in MDCK cells ( Figure 5A ). Thus, the SH2/PTB domain of c-Cbl is sufficient to induce dissociation and morphological changes in MDCK cells.
The changes in cell morphology in MDCK cells expressing 70z-Cbl mimic the early stages of epithelial cell spreading, dissociation, and subsequent cell dispersal observed after HGF stimulation. To determine if the expression of 70z-Cbl leads to an increase in the spontaneous rate of motility of MDCK cells, as suggested by the dispersal of cell colonies, the migration rates of MDCK cell populations expressing c-Cbl, 70z-Cbl, Cbl-N, or the G306E mutant proteins were measured. As shown in Figure 5B , no difference was observed in a modified Boyden chamber assay in the overall rate of migration of individual MDCK cells expressing the control vector, c-Cbl, 70z-Cbl, or Cbl-N when seeded as single cells, either in the absence or presence of HGF. This demonstrates that expression of 70z-Cbl or Cbl-N did not enhance spontaneous or HGF-induced motility of single MDCK cells. Because these assays measure the motility of single cells before colony formation, we examined colonies of MDCK cells expressing vector alone or 70z-Cbl with the use of time-lapse photography. When observed by time-lapse photography, MDCK cells expressing vector alone maintained cell-cell contacts and formed colonies, and any dividing cells were retained within the colony ( Figure  5C , arrowheads). Moreover, although several cells at the edge of the colony exhibited membrane ruffles and formed membrane extensions, these cells retained their cell-cell associations and failed to detach from the colony during a 14-h period. In contrast, MDCK cells expressing 70z-Cbl dispersed after cell division ( Figure 5D , arrowheads), consistent with the observed decrease in cell-cell adhesion. Similarly, cells that appear in , and 70z-Cbl (clone 20; j-l) were grown on glass coverslips for 24 h and treated with CSK buffer for 10 min. After fixation, the cells were double-labeled with phalloidin (a, d, g, and j) and anti-vinculin antibody (b, e, h, and k). Matching phase-contrast images are shown (c, f, i, and l). Photographs were taken at a magnification of ϫ63.
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Molecular Biology of the Cellassociation are able to disperse throughout the time course ( Figure 5D, asterisks) . Together, these data further support the ability of 70z-Cbl to promote a decrease in cell-cell adhesion that subsequently results in cell dispersal.
Expression of 70z-Cbl or Cbl-N in MDCK Cells Does Not Detectably Enhance the Tyrosine Phosphorylation of the Met or EGF Receptors
The overexpression of 70z-Cbl and Cbl-N in fibroblasts enhances the basal kinase activity and phosphotyrosine levels of the PDGF and EGF receptors in the absence of ligand and in the presence of suboptimal concentrations of ligand (Bonita et al., 1997; Thien and Langdon, 1997) . This is thought to be modulated through the ability of the 70z-Cbl protein to compete with c-Cbl and release the negative regulatory activity of c-Cbl on these kinases (Joazeiro et al., 1999; Levkowitz et al., 1999) . Thus, one may speculate that expression of 70z-Cbl may enhance the basal catalytic activity of the Met receptor or other receptor tyrosine kinases, which in turn promotes dissociation of MDCK cells. To establish if there was an increase in the basal phosphorylation of either the Met or EGF receptor in MDCK cell populations expressing 70z-Cbl, proteins from whole cell lysates were subjected to SDS-PAGE and immunoblotted with anti-phosphotyrosine antibodies. No significant increase was observed in total tyrosine-phosphorylated proteins in MDCK cells expressing 70z-Cbl, except for a protein of ϳ120 kDa, which comigrated with 70z-Cbl ( Figure 6A, lanes 1 and 3) . Although both the EGF and Met receptors were phosphorylated in unstimulated MDCK cells expressing 70z-Cbl, the level of phosphorylation was not enhanced above the basal level observed in MDCK cells expressing vector alone ( Figure 6A, lanes 4 -7) . Moreover, the phosphorylation kinetics of the Met or EGF 3) . As a control for the size of 70z-Cbl, anti-HA immunoprecipitation was performed on cell lysates expressing 70z-Cbl protein (lane 1). Lysates prepared from MDCK cell populations expressing vector or 70z-Cbl were immunoprecipitated with anti-EGF receptor antibody (lanes 4 and 5) or the anti-Met receptor antibodies (lanes 6 and 7), resolved on SDS-PAGE, transferred to nitrocellulose, and immunoblotted with anti-phosphotyrosine antibody. (B) MDCK cell populations were serum starved for 48 h before stimulation with either 100 U/ml HGF (left and middle panels) or 1 ng/ml EGF (right panel) for the indicated times. Cell lysates were immunoprecipitated with either anti-Met (left and middle panels) or anti-EGFR (right panel) antibody. Proteins were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with anti-phosphotyrosine (left and right panels) and anti-Met (middle panel) antibodies. (C) Cell lines were stimulated with HGF for 15 min, after which cells were washed in serum-free medium and harvested at the indicated times. Whole cell lysates were subjected to immunoblotting with phosphospecific JNK or MAPK antibodies.
pressing cells in response to HGF, these cells dispersed with similar kinetics and were fully dispersed after 10 h of HGF treatment (Figure 7) . In contrast, 70z-Cbl-expressing cells, which were partially dispersed when unstimulated, showed full dispersal 4 h after HGF stimulation (Figure 7) .
Cbl-N Associates with Specific Phosphotyrosinecontaining Proteins in MDCK Cells
Because Cbl-N is sufficient to induce changes in cell shape and corresponds to a SH2/PTB domain that can associate with phosphotyrosine-containing proteins, we sought to establish whether a GST fusion protein expressing the amino SH2/PTB region of c-Cbl (GST-Cbl-N) associates with specific phosphoproteins in MDCK cells. Parental MDCK cells, as well as an MDCK cell line expressing 70z-Cbl, were either unstimulated or stimulated with HGF for the indicated times, and cell lysates were subject to a pulldown assay with GST-Cbl-N as well as the loss-of-function GST-G306E Cbl-N. Complexes were immunoblotted with anti-phosphotyrosine antibodies to identify tyrosine-phosphorylated proteins that associated with Cbl-N. A tyrosine-phosphorylated protein migrating at ϳ130 -150 kDa was detected in association with Cbl-N but not with the G306E Cbl-N mutant (Figure 8, A and B, upper panels) . The presence of several phosphoproteins in this size range, including Fak, Pyk2, and Cas, as well as c-Cbl and the Met receptor was examined by Western blotting, but at the level of detection none of these correspond to any of the phosphotyrosine-associated proteins (our unpublished results and Figure 8B ). However, GSTCbl-N pulldowns in MDCK cells overexpressing a chimeric CSF-MET receptor demonstrated the ability to precipitate a phosphorylated protein of ϳ150 -170 kDa after CSF stimulation ( Figure 8B, upper panel) . Subsequent immunoblotting of the GST-Cbl-N pulldowns with anti-Met antibody revealed that the 170-kDa band was the CSF-MET receptor ( Figure 8B , lower panel), demonstrating that when overexpressed CSF-MET can interact with Cbl-N in pulldown assays.
DISCUSSION
The roles of many signaling pathways involved in mitogenesis have been established, whereas only recently have studies focused on pathways leading to breakdown of cell junctions, epithelial cell dispersal, and morphogenesis in matrix culture. We have shown previously that c-Cbl is phosphorylated downstream from an oncogenic Met variant . Here we show that c-Cbl is expressed in epithelial cells and that in response to HGF, c-Cbl is phosphorylated on tyrosine residues. To assist in defining the biological function of c-Cbl in epithelial dispersal and morphogenesis, we dissected the biological activities of 70z-Cbl-mediated signaling with the use of our established MDCK epithelial cell model. We show that expression of the 70z-Cbl oncogenic variant induces changes in cell shape consistent with loss of an epithelial phenotype. From structure-function studies, we demonstrate that the amino-terminal SH2/PTB domain of c-Cbl (Cbl-N) is sufficient to induce changes in cell morphology and that a point mutation at Gly-306 abrogates the ability of Cbl-N or 70z-Cbl to induce these morphological changes. In contrast, substitution of Tyr-731 for Phe or deletion of the proline-rich domain of 70z-Cbl had no effect. Our results suggest that the SH2/PTB domain of c-Cbl (Cbl-N) plays a role in the breakdown of cell-cell junctions and modulates changes in epithelial cell morphology.
Upon characterization of MDCK cells expressing 70z-Cbl, we observed remodeling of the actin cytoskeleton associated with a decrease in cortical actin and an increase in actin stress fibers present in large lamellipodia-like membrane extensions. Consistent with the reorganization of the actin cytoskeleton, vinculin-containing focal complexes were relocalized from the periphery of cells in the colony to lamellipodial structures and throughout the cell at points of contact with the extracellular matrix (Figure 3) . The process of conversion of epithelial cells to a mesenchymal phenotype has been referred to as epithelial-mesenchymal transition (Hay, 1995) . Hence, overexpression of 70z-Cbl promotes cell changes that resemble an epithelial-mesenchymal transition. This transition correlates with the loss of E-cadherin from an insoluble compartment at cell-cell contacts, although the total levels of E-cadherin were not altered (Figure 2) . Loss of epithelial organization is a hallmark of tumor progression associated with the acquisition of increased migratory and invasive properties . However, the quantitation of cell migration with the use of a modified Boyden chamber in the absence or presence of a migratory stimulus such as HGF revealed no increase in the rate of motility of single MDCK cells expressing 70z-Cbl relative to control cells (Figure 5 ), demonstrating that 70z-Cbl expression did not enhance cell motility per se. However, from time-lapse video microscopy, MDCK cells expressing 70z-Cbl were shown to be capable of breaking cell-cell contacts and cell dispersal, whereas control MDCK cells expressing vector alone were unable to break cell contacts in the absence of HGF ( Figure 5, C and D) . We conclude that 70z-Cbl promotes the conversion of MDCK cells from predominantly forming cell-cell interactions to favoring cell-matrix interactions that promote cell spreading. A role for c-Cbl in the formation of cell-matrix interactions is in accordance with the observation that c-Cbl is phosphorylated after integrin stimulation (Ojaniemi et al., 1997) and that antisense inhibition of c-Cbl expression is associated with reduced cell spreading in macrophages (Meng and Lowell, 1998) .
Our structure-function studies have demonstrated that the amino-terminal domain of c-Cbl (Cbl-N, amino acids 1-357) is sufficient to induce loss of epithelial cell morphology. Phosphorylation and coimmunoprecipitation studies demonstrated that although 70z-Cbl is highly phosphorylated and associated with Crk, Cas, Grb2, and p85, Cbl-N is neither phosphorylated nor associated with any of these proteins. This suggests that the association of Cbl with these known downstream signaling proteins is not essential for the observed changes in epithelial morphology and enhanced spreading of Cbl-N-expressing MDCK cells. This is in contrast to the apparent requirement for c-Cbl-associated PI3Ј-K activity in the spreading of macrophages (Meng and Lowell, 1998; Zell et al., 1998; Feshchenko et al., 1999) . However, our data support observations that the amino-terminal portion of Cbl allows a positive signal required for NFAT activation downstream from the T-cell receptor (van Leeuwen et al., 1999; Zhang et al., 1999) .
The amino-terminal portion of Cbl (Cbl-N) was identified as a phosphotyrosine-binding domain with the ability to interact with phosphotyrosine residues in Zap-70 (Tyr-292) , and binding was abrogated in the G306E mutant. Recent structural studies have revealed that the Cbl-N domain retains a structure common to SH2 domains, further implicating this domain as a phosphotyrosine-binding domain. This suggests that epithelial-mesenchymal transition induced by Cbl-N is possibly mediated by its ability to interact with phosphotyrosine-containing proteins. In support of this, a GST-Cbl-N fusion protein associates with phosphorylated protein(s) of ϳ150 kDa in unstimulated or HGF-stimulated MDCK cells (Figure 8 ). As expected, a Cbl-N mutant (G306E) fails to associate with phosphotyrosine-containing proteins in MDCK cells (Figure  8 ), which correlates with its inability to induce an epithelialmesenchymal transition ( Figure 5) .
In fibroblasts and in transient overexpression studies, the binding of 70z-Cbl or Cbl-N to the EGF and PDGF receptors enhances their tyrosine phosphorylation (Thien and Langdon, 1997) . While this paper was in preparation, the c-Cbl Figure 8 (cont) . protein of the amino-terminal portion of c-Cbl (GST-Cbl-N). Associated proteins were separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with anti-phosphotyrosine antibody. (B) MDCK cells or MDCK cells overexpressing either the Met receptor (Met) or the chimeric CSF-MET receptor (CSF-MET) were serum starved for 48 h before stimulation with either 100 U/ml HGF (lanes 2, 6, 8, and 12) or 100 ng/ml CSF (lanes 4 and 10). Cell lysates were subject to a pulldown assay with the use of GST-Cbl-N (lanes 1-6) and GST-G306E Cbl-N (lanes 7-12). Proteins were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with anti-phosphotyrosine (upper panel) or antiMet (lower panel) antibodies. RING finger domain was shown to interact with ubiquitinconjugating enzymes, and this was shown to promote ligand-induced ubiquitination of the EGF receptor (Waterman et al., 1999; Yokouchi et al., 1999) . Hence, a 70z-Cbl or Cbl-N protein lacking a portion or the entire RING finger domain is thought to compete with a c-Cbl SH2/PTB-domain binding site in the EGFR. As a result, endogenous c-Cbl can no longer bind, ubiquitinate, and down-regulate the receptor (Waterman et al., 1999) , providing a possible mechanism for 70z-Cbl-and Cbl-N-mediated cell transformation. Consistent with this, a G306E Cbl-N mutant fails to enhance tyrosine phosphorylation of the EGF and PDGF receptors and abolishes the transforming activity of Cbl-N in NIH3T3 cells (Bonita et al., 1997; Thien and Langdon, 1997) .
The Met receptor is one of the predominant regulators of epithelial-mesenchymal transition . Met is polyubiquitinated and degraded after HGF stimulation (Jeffers et al., 1997) ; thus, one possible explanation for the ability of Cbl-N to promote epithelial-mesenchymal transition of colonies of epithelial cells is through the activation of the Met receptor tyrosine kinase in these cells. Although we cannot detect Met in the GST-Cbl-N pulldowns from 70z-Cbl-expressing cells, a CSF-MET fusion protein of 170 kDa, overexpressed in MDCK cells (Zhu et al., 1994b) , can associate with Cbl-N in pulldown assays ( Figure  8B ). Hence, it is possible that the phosphoprotein(s) of ϳ150 kDa that associate with the GST-Cbl-N fusion protein may also include the Met receptor tyrosine kinase ␤ chain (145 kDa), but at levels that are undetected by immunoblotting. The positive signal induced by Cbl-N, therefore, may result in part from competition of Cbl-N with the endogenous c-Cbl protein and subsequent indirect increases of Met receptor activity. However, Met, EGFR phosphorylation, and exogenous kinase activity are not enhanced detectably in cells expressing Cbl-N or 70z-Cbl ( Figure 6 and our unpublished results), nor does EGF treatment promote epithelial cell dispersal (Maroun et al., 1999; our unpublished results) . Moreover, MAPK and JNK pathways activated downstream of the Met receptor after stimulation by HGF (Royal et al., 2000) are not increased in cells expressing 70z-Cbl, supporting our observations that Met phosphotyrosine levels are not increased detectably in these cells, suggesting that Cbl-N may promote epithelial-mesenchymal transition by a mechanism independent from activation of the Met receptor. In agreement with our data, a role for c-Cbl in modulating cell shape and the actin cytoskeleton in fibroblasts was recently shown to be dependent on a functional SH2 domain (Scaife and Langdon, 2000) , supporting a role for the Cbl SH2 domain in the interaction with proteins that regulate the actin cytoskeleton.
Our studies suggest that an important role for c-Cbl function in epithelial cells may be to prevent inappropriate activation of signaling pathways that lead to breakdown of organized epithelia. This is consistent with the observation that c-Cbl null mice display hyperplasia of breast epithelia (Murphy et al., 1998) . Additional studies are required to elucidate the molecular mechanism through which Cbl regulates epithelial morphology, and the identification of Cbl-N-associated proteins in epithelial cells is likely to provide important insights into the biology of this signaling protein.
